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    A thought experiment is considered on observation of instantaneous collapse of an 
extended wave packet. According to relativity of simultaneity, such a collapse being 
instantaneous in some reference frame must be a lasting process in other frames. But 
according to quantum mechanics, collapse is instantaneous in any frame. Mathematical 
structure of quantum mechanics eliminates any contradictions between these two 
apparently conflicting statements. Here the invariance of quantum-mechanical collapse is 
shown to follow directly from the Born postulate, without any use of mathematical 
properties of quantum operators. The consistency of quantum mechanics with Relativity 
is also shown for instant disentanglement of a composite system. 
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1. Introduction 
      In von Neumann's idealized model of measurement, the initial state changes instantly 
("collapses") to an eigenstate of the measured observable. In a position measurement, the 
extended wave packet ( , )t r collapses to a point-like state ( , ) ( )t    r r r . The 
word "instantly" here has an absolute meaning: the collapse is instantaneous in any 
reference frame (RF). This immediately raises the question – how it can be consistent 
with special relativity (SR) whose most fundamental tenet is relativity of simultaneity: if 
a 3-dimensional set of events happens at one instant in some RF, it is time-extended in 
frames moving with respect to it. There appears to be a clash between quantum 
mechanics (QM) and SR.  
  But delocalized and entangled quantum states form the backbone of QM [1-11], and 
their consistence with SR is well-established (see [12] and references therein). This 
consistence is shown here without using the abstract algebra of operators. Instead, we use 
only the superposition principle and the Born rule 
2
( , t) ( , )t r rP for probability 
density of an event. Such an approach allows one to discuss this topic on the conceptual 
level in an introductory course of QM, assuming only rudimentary knowledge of SR. 
  In the next section, we consider a thought experiment with the collapse of a one-particle 
state. In Sec. 3, the collapse of an entangled state of a composite system is considered.  In 
both cases, the analysis shows the absence of any contradictions between QM and SR.   
  
2. The space-time picture of quantum collapse 
  We start with a single particle in a spatially-extended state, e.g., a wave packet  in a 
free space. The indeterminate coordinate in such a state is a manifestation of quantum 
non-locality (QNL), although this term is usually applied to entangled composite systems. 
For a single particle, QNL is manifest through the superposition of various coordinate 
eigenstates r , 
                                                       ( )c d   r r r  (1)  
 
Projecting (1) onto a state r , we have ( )   r r , ( )  r r r r and 
( ) ( )c r r ,  so that (1) reduces to familiar 
 
                                                  ( ) ( ) ( ) d    r r r r r  (2)   
                          
This superposition collapses to a definite location under position measurement: 
 
                                      ( ) , or , or ....c d     rr r rr  (3)  
 
The outcomes r , r , … , can be predicted only probabilistically, with probabilities 
2 2
( ) ( ) ( )c   r r rP , etc. But there are no energy or information transfers between 
different parts of the packet (1) in the process of its collapse.  
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  The word “collapse” here is an example of inadequate terminology that is misleading in 
many ways. It produces an impression of convergence of some fluid-like entity to a point, 
something like gravitational collapse. This is a false analogy because gravitational 
collapse is the convergence of matter with finite speed [13, 14], can last arbitrarily long 
by clocks of a distant observer [15], and is described by equations of General Relativity, 
whereas the QM packet collapses instantly, without any convergence of its parts, and this 
process is not described by any equation. (Some features of the QM collapse are treated 
by the decoherence theory [16-18], but they are irrelevant to the basic point of this 
article). Another crucial aspect of the process is the accompanying opposite effect that 
could (also inadequately!) be called "explosion" [19].  "Collapse" of the wave packet in 
configuration space is generally accompanied by its "explosion" in momentum space, and 
vice versa. And again, it would be totally wrong to visualize QM "explosion" by analogy 
with something like Big Bang. The fundamental dualism "collapse-explosion" of a QM 
measurement is ignored in most texts on QM. It is hard to find a term describing all 
features of QM collapse in one word.  We will use "instant reconfiguration" (IR) as a far 
better term, but it is 2-worded.   
   Now we turn from terminology to physics and analyze the whole process in more 
details. The incentive for this is to demonstrate the harmony between QM and SR in a 
more simple way than in the known treatments.   
   So let us consider a thought experiment of position measurement for a single electron 
from a monochromatic source. We can crudely visualize such an electron as uniformly 
“smeared out” over the space and describe it by de Broglie’s wave. The measurement 
will be an idealized model neglecting quantum noise. We place the set of detectors in the 
electron’s way, so there is an equal chance for the electron to be captured by any detector.  
Suppose one of them fired, and denote the corresponding coordinate and moment of time 
as (0, 0). We know immediately that the pre-existing state is reconfigured to definite 
location at the origin of our frame K. And this happens instantly: once the electron is with 
certainty in the clicked detector, it cannot be anywhere else, so all probabilities outside 
the detector vanish at once, while the initially small (0)P  "jumps up", making the 
corresponding probability equal to 1. The net probability is conserved, but the state has 
changed. This holds regardless of whether the detector is stationary or moving.    
  Consider now another frame K' moving relative to K with velocity V. Suppose that the 
origins and the corresponding local times of the two frames coincide at 0t  . Then the 
wave packet disappears in K  instantly at 0t   everywhere except for the origin, where 
the probability jumps to 1. The picture is identical to that in K.   
  But according to SR, the events along V which are simultaneous in K, are not 
simultaneous in K', and vice versa. As an example, consider a cylinder in K, with sealed 
perforations along one of its generatrices, filled with high-pressure steam and oriented 
along V. If we open all perforations at once, the cylinder will be immediately emptied – 
the steam will spurt out through all of them (in order to maintain the initial amount of 
steam in the system, assume that some mechanism simultaneously isolates its middle part 
and instantly produces an equal amount of steam in it). But since the whole process is 
spatially extended, it will be time-extended in K', with the seals opened in succession and 
the corresponding succession of outbursts propagating along the cylinder with a 
superluminal speed (this does not contradict anything since the outbursts are not causally 
connected [20, 21]). If the QM collapse were reduction of a certain substance like in the 
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considered model, then the instantaneous reduction of the packet in K would be not 
instantaneous in K'.  
  Fortunately for QM, the electron's initial "omnipresence", albeit a real physical 
characteristic, is more subtle than directly measurable observables. The probability is not 
steam – its fluctuations are not immediately detectable unless it jumps to 1 at some 
location. This allows the collapse to be instantaneous in all frames and yet be consistent 
with SR. 
  For a more formal proof, let us go back to the position measurement and imagine a row 
of observers in K, each near respective detector along the direction of V. All of them 
have the same assignment – to imitate the behavior of detectors: to raise hand when the 
respective detector fires or to do nothing if the detector remains idle. When the firing 
does happen, there will be only one observer with raised hand – the one at (0, 0), and all 
the rest do not stir.  
   Now consider this process from K'. The same common moment of not raising hand in 
K at 0t   will translate into different moments in K'. But since nothing really happens 
with all those non-stirring observers, their inactions simultaneous in K can be considered 
as simultaneous in K' as well. In either frame, recording an unchanging subset all at once, 
or each of its elements at respectively different moments makes no physical difference. It 
is perfectly safe to say that for a K-observer, the set of probabilities (and thereby the 
physical state described by them!) changes instantly in K without directly producing any 
local physical effects along the array except for one at the origin.  
   When considering the whole process from K', we can add the row of K -detectors and 
K -observers along V with the same assignment. We will have the same outcome: there 
will be only one K'-observer with raised hand – the one at the origin, near detector (0, 0) 
which is just passing by. Before the moment 0t  in K' there was a very long wave 
packet. It collapses to position (0, 0) instantly in K' without any contradictions with SR 
by the same argument and for the same reason as in the observation from K.  
  One could argue that the absence of a click in a detector is also a valid result of an 
experiment – it is its possible outcome and therefore "…is also an event and is part of the 
historical record" [12].  
  This is only partially true. Event implies an observable change at a given location. The 
absence of a click in detector iD  at ir  might be informative and change observer's state 
of mind, but only after receiving the additional information – signal from the clicked 
detector 0D , that is, after the time ( ) /i i c r r . Before this moment, the absence of a 
click cannot even have the status of a record, let alone status of event, so the presented 
objection is not valid.     
   Technically, all considered "K-events" numbered simultaneously in K are not 
simultaneous in K , and vice-versa. But even for a purist, since both sets are physically 
identical, there are no objective characteristics distinguishing the "chosen" frame, so each 
RF is equally entitled for its own respective set, and all observers have equal right to state 
that collapse is an instantaneous process.  
  In the combined language of QM and SR, the collapse takes place in a 4-dimensional 
region   of space-time. The corresponding "events" form its simultaneity section (cut) in 
K, which is not simultaneous in K'. And the same collapse can be represented by its 
simultaneity section in K', with a different set of local “events”, which are non-
simultaneous in K (Fig. 1).  
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Fig. 1 
 Space-time diagrams for a set of events in two different RF. Dashed lines in both frames 
represent the photon world-line. The " 0 " is the origin of the respective frame. 
  a - all simultaneous events in K are represented by line 0x . Events along 0x are non- 
simultaneous in K, but simultaneous in K'. Similar explanation applies to frame K' in b. 
In either frame, the corresponding sets of events form different cuts through spacetime. 
For actual events, the respective cut would be instantaneous in one RF and time-extended 
in others. But for probabilities, the world is insensitive to choice of the cut. Therefore 
QM collapse is an instant process in any RF without contradicting SR.  
 
 
As emphasized above, the difference between the two sets does not lead to any 
contradictions only because the sets’ elements are “events” in the quotation marks –  
actually, they are non-events, that is, nothing happens at the respective points of   
except for one common point (0, 0).  
  To put this in a slightly different way: The collapse is instantaneous in different RF 
because the respective experimental setups (systems of synchronized clocks etc.) select 
the different cuts through space-time. The corresponding records are compatible only 
because the collapsed entity had been a probability cloud, and only because it has 
collapsed to a single location. Had it collapsed to at least two separate locations at once, 
we would be in trouble. But such situation is forbidden for a single particle.  
  The analysis shows that QM is intrinsically relativistic due to its being intrinsically 
probabilistic. This combination produces a vibrant and fruitful harmony.  
  The presented argument also shows that QNL is manifest already for a single particle 
and originates from its objective position indeterminacy. Once such indeterminacy is 
accepted as a basic feature of the world, QNL is here. A particle described by a wave 
packet is everywhere within the packet, but only as a probability distribution. Although 
one might try to visualize such distribution as physical stuff “smeared out” over the 
space, it would be a fatal mistake to take this crude analogy literally. We can have a 
 
0 0 
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single electron – all of it within 30 310 m  or all of it within 30 310 m , but never any fraction 
of it within any volume of space. And it can transform either continuously as 
deterministic evolution of its wave packet under wave equation, or discontinuously as IR. 
In the latter case the whole packet instantly disappears and reappears at the same moment 
in another shape.  
   On the face of it, the IR being instant in all RF due to ( )rP  being only indirectly 
connected with physical events seems to confirm a view that a state function does not 
represent anything real, and IR is merely the change of information accessible to us [22]. 
This view is equivalent to denying the objectivity of physical states.   
  The actual situation is more subtle. The connection of ( )rP with reality is evident, e.g., 
from the fact that the product ( )eq rP determines the charge distribution and hence the 
atomic current and the corresponding magnetic field produced by an atomic electron with 
orbital angular momentum L. The distribution ( )eq rP can, to a high accuracy, be treated 
classically for a continuously evolving state described by a wave equation, but undergoes 
IR together with ( )rP  in a position measurement. And one could argue that in contrast 
with ( )rP , the instant disappearance of the charge density ( )eq rP at a given location 
would be an observable event violating conditions of the considered thought experiment. 
But that would be a wrong argument. The electrical charge as such (let alone its fraction!) 
is not directly observable. We actually observe its electromagnetic field described by the 
corresponding non-homogeneous equations. The latter do not impose any requirements 
on evolution of the source. Even in the IR, the resulting changes of the field propagate at 
the speed of light, so the field only gradually changes from its initial shape to Coulomb's 
field of the point charge; and all that – in the classical limit of QM. The field of a single 
electron is represented by virtual photons, whose fluctuating appearances are, again, 
purely probabilistic. So both – ( )rP and ( )eq rP – while being objective characteristics of 
a state, are only indirectly observable, and the conditions of the considered thought 
experiment remain the same for both. Therefore such experiment demonstrates 
consistency between QM and SR in both cases, without any use of mathematical 
formalism of QM.  
 
                                     3. Quantum entanglement and Relativity 
    Here we review consistency between QM and SR for the composite systems, using a 
case of separated entangled particles A and B.  
  Let A have two eigenstates 
Ai
P with eigenvalues iP  ( 1, 2i ) of an observable P , and 
similar for B. The composite system (AB) resides in a 4-dimensional (4D) Hilbert space 
(4)H with an orthonormal basis formed by 4 product states 
A Bi j
P P .  An entangled 
state occupies a 2D subspace (2)H , e.g.,    
                  
                          
1 1 1 2 2 2A,B A B A B
1 1 2 2 2 1A,B A B A B
(1 )
or
(1 )
c P P c P P a
c P P c P P b
  
  
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 with   
2 2
1 2 1c c  , and subscript 1, 2   labeling amplitudes c being independent 
from i, j labeling eigenstates. Neither particle in (1) has an individual state. Such states 
are acquired only after an appropriate measurement.  
   Case (1a) can be illustrated by two photons from annihilation of an electron-positron 
pair with the zero net spin and linear momentum, so the photons fly apart in the opposite 
directions but in the same polarization state. Each photon has the same polarization as 
that of its partner, without knowing even the type of polarization (e.g., linear or circular), 
let alone its specific value. In circular polarization basis 1P L  (left-polarized state) 
and 2P R (right-polarized state), (1a) will read
 
                                           1 2A,B A B A Bc L L c R R                                  (1a*) 
   
(Actually, the spins in each term here are opposite to each other to make the zero net 
spin. They are the same only with respect to their respective linear momenta which are 
opposite to each other.)   
  An example of (1b) may be a pair of entangled electrons with the net spin 0S  but 
indefinite individual spin states. In the basis 1P    ("spin-up") and 2P    ("spin-
down"), (1b) reads  
 
                                            1 2A,B A B A B
c c            (1b*) 
 
   The entangled systems (1a, b) have the following properties: 
   (I)  States of A and B are strictly correlated (case (1a, a*)), with both – A and B – 
always collapsing to the same individual state, or anti-correlated (case (1b, b*)), with A 
and B collapsing to different individual states. It has been suggested to call states (1) the 
"superposition of correlations" [23]. The proper mathematical term is inseparability: 
state (1) cannot (except for the special case with one of 0c  ) be written as the product 
of separate states.  
  (II)  The entanglement is maximal when 
2 2
1 2c c and disappears when one of the c is 
zero (disentanglement). This happens, e.g., in a P-measurement. 
  (III)  (Anti)correlation weakens if we change the basis from iP  to jQ  by measuring 
an observable Q incompatible with P; for instance 
 
                            1 1 2 2 1 2
1 1
;
2 2
P Q i Q P Q i Q                   (2) 
  
Putting this, say, into (1a) yields 
 
      1 2 1 1 2 2 1 2 1 2 2 1A,B A B A B A B A B
1
2
c c Q Q Q Q i c c Q Q Q Q         (3) 
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According to (3), any of the 4 product states 
A Bi j
Q Q can appear in a Q-measurement. 
But at maximal entanglement, (3) can reduce to  
 
                 
 
1 1 2 2 1 2A B A B
A,B
1 2 2 1 1 2A B A B
, (4a)
1
or
2
, (4b)
Q Q Q Q c c
i Q Q Q Q c c
  

  

   
                                              
 
Now the particles' states are strictly (anti)correlated with respect to Q as well.  
 The opposite case, with one of the amplitudes 0c  , is a disentangled (separable) state:  
 
   
    
    
1 2 1 2 1 1 2
A,B
1 2 1 2 2 2 1
1/ 2 , 0 (5 )
or
1/ 2 , 0 (5 )
A A B B A B
A A B B A B
Q i Q Q i Q P P c a
Q i Q Q i Q P P c b
    

  

   
        
 
While still correlated with respect to P, it is totally uncorrelated with respect to Q.  
   (IV)  State (1) cannot be explained in terms of hidden variables (Bell's theorem, [3-10]).  
 
   Properties (I-IV) determine the difference between an entangled and disentangled state. 
The former may (at 
2 2
1 2c c ) be strictly (anti)correlated in all trials regardless of 
whether we measure P or Q and gives instant result for both ends of segment AB even 
with only one-end measurement. The latter is correlated only with respect to one 
observable, and its measurement at A has no bearing on B.      
   Instant disentanglement (5a, b) does not involve any superluminal signaling (SS) which 
is prohibited by relativistic causality [8-11, 20, 21, 24]. Events A and B, even though 
intimately linked, are not in the cause-and-effect relationship (the italics A, B here denote 
events in history of the respective objects A, B). The instant change at both ends under 
the measurement at one end has no classical explanation. This effect is another 
manifestation of QNL [8-11]. 
    Now, when the collapse of a state involves two separated objects, can we still say that 
it happens instantly in all RF? The answer is yes, and its consistency with SR is based on 
two fundamental facts.  
  1) The fact that measuring state (1) at one end immediately affects the other can always 
be confirmed by performing both measurements at once in the chosen frame. Since the 
memory of the common origin of (AB) is imprinted in (1), simultaneous actualization of 
(anti)correlated outcomes works without any signaling between A and B.  
2) The observers are free to choose the moments of their respective measurements at A 
and B. If their schedules are simultaneous in some frame 0K , in which case the interval    
AB is expressly space-like, we can always find other RFs, K and K', such that chronology 
of measurements is (A, B) in K and (B, A) in K . This does not compromise the universal 
instancy of disentanglement since the latter is generally not identical to the pair of 
physical events (A, B). 
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   As an illustration, consider two receding spin-entangled electrons A and B from a 
common source C stationary in frame CK . Let Alice follow A (frame AK ) while Bob 
follows B (frame KB ). Let both measure the spin-component zS , and their measurements 
are simultaneous in CK . Suppose Alice's result (event A) is A
  while Bob's result 
(event B)  is 
B
 . Then in AK , A happens earlier than B, while in BK , their succession is 
opposite. And yet the disentanglement is instantaneous in either frame because each 
observer, knowing the conditions of the electrons' birth at C and the outcome of her/his 
measurement, can immediately predict the partner's result. From her result 
A
 , Alice 
already knows  Bob's future result 
B
 , which means that B disentangled to state 
B
  
simultaneously with her experiment, and Bob's actual measurement merely confirms her 
prediction. The similar prediction by Bob from his perspective would be equally true in 
his RF. And there is no conflict between the two observers' statements. The argument is 
exactly the same as in the wave packet collapse considered in the previous section. In any 
RF, disentanglement at end B can be assigned the same moment as actual measurement at 
A, since it is nothing more than change of probability (e.g., jump 0c  ), which will 
only be confirmed later by a B-measurement. A pair of events (actual measurements) 
may have succession (AB) in one RF, and (BA) in another. A disentanglement caused by 
only one actual measurement only at A or only at B is an instant process in any RF, since 
the change at non-measured end is a non-event but rather change of probability which is 
by itself not directly observable until the actual measurement.       
 
4.  Conclusions 
   While QM has demonstrated its consistence and predictive power, its effects and basic 
concepts are to a high degree alien to classical intuition. There are two ways to deal with 
it: either to enrich our imagination by accepting newly discovered dimensions of reality 
and getting used to them, or to try to describe them in terms of the old concepts. But as 
all history of science shows, the latter is a blind venue. Instead, conventional QM just 
admits that classical intuition alone is inadequate to embrace the quantum reality. The 
real world can be relativistic only by being intrinsically probabilistic. And with all that, it 
is deterministic because all the relevant probabilities are determined by QM to a highest 
possible accuracy, while the familiar determinism for observables is merely the classical 
limit of QM. 
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